This study reveals that CPR5 is involved in the regulation of ethylene 15 signaling via two different ways: interacting with the N-terminal domains of ERT1 16 and controlling the nucleocytoplasmic transport of mRNAs in ethylene signaling 17 pathway. 18 19 2 Abstract ETR1 is the major ethylene receptor in Arabidopsis thaliana. Previous 20 studies showed that RTE1 and CPR5 can bind to ETR1 and play regulatory roles in 21 ethylene signaling. RTE1 has been suggested to promote ETR1 signal transduction by 22 influencing the conformation of ETR1, but little is known about the mechanism of 23 CPR5 on the regulation of ETR1 signaling. In this study, we showed that both CPR5 24 and RTE1 could interact with the N-terminal transmembrane domains of ETR1, and 25 CPR5 needs at least three transmembrane domains of ETR1 while RTE1 needs only 26 two for the binding. As CPR5 has also been shown to be localized in the nuclear 27 membrane and might act as a nucleoporin, we analyzed the effects of CPR5 on the 28 nucleocytoplasmic transport of ethylene-related mRNAs using poly(A)-mRNA in situ 29 hybridization and real-time quantitative PCR (qPCR), and the results indicated that 30 CPR5 could selectively regulate the nucleocytoplasmic transport of mRNAs in 31 ethylene signaling pathway. In contrast, the nucleoporin mutants (nup160, nup96-1 32 and nup96-2) dramatically accumulated all the examined mRNAs in the nucleus. In 33 conclusion, the present study provides evidence demonstrating that CPR5 regulates 34 ethylene signaling through interacting with the ETR1 receptor and controlling the 35 mRNAs nucleocytoplasmic transport in ethylene signaling pathway. 36 37
Intrigually, it was found that either overexpressed or knockout of CPR5 could lead to 114 increase of the ethylene sensitivity (Wang et al., 2017) , suggesting that CPR5 might 115 act in a different manner from RTE1 in regulating the ETR1 receptor signaling. 116 Subcellular localization analysis indicated that CPR5 is localized in the 117 endometrial system (ER and Golgi) and nuclear membrane (Gu et al., 2016; Wang et 118 al., 2017) . CPR5 was shown to be able to directly interact with the ETR1 receptor 119 (Wang et al., 2017) , providing a clue that it might compete with RTE1 to bind to the 120 ETR1 receptor and affecting ethylene signaling. Meanwhile, CPR5 might aslo act as a 121 nucleoporin in controlling the nucleocytoplasmic transport of mRNAs in ethylene 122 signaling pathway. 123 6 evidence supporting that the mode of CPR5 regulating the ETR1 receptor signaling 126 could be different from that of RTE1. By yeast split-ubiquitin and bimolecular 127 fluorescence complementation (BiFC) assay, we showed that both CPR5 and RTE1 128 could interact with the N-terminal transmembrane domains of ETR1, and it is likely 129 that there might exist a competitive binding between CPR5 and RTE1 when they 130 interact with ETR1. Using poly(A)-mRNA in situ hybridization and real-time 131 quantitative PCR, we analyzed the effects of CPR5 on the nucleocytoplasmic 132 transport of ethylene signaling related mRNAs, and the results indicated that CPR5 133 could selectively regulate the nucleocytoplasmic transport of mRNAs in ethylene 134 signaling pathway. As controls, the nucleocytoplasmic transport of all the examined 135 mRNAs in the nucleoporin mutant nup160, nup96-1, and nup96-2 were affected. 136
These observations significantly advanced our understanding of the regulatory 137 mechanism of CPR5 in ethylene signaling pathway. 138 139
Materials and Methods 140

Plant materials and and ethylene response assays 141
Seeds of the wild type (WT, Col-0) or mutants were surface sterilized and then sowed 142 nup160 was as previously described (Dong et al., 2006) . The mutants nup96-1 and 149 nup96-2 were obtained from Dr. Xin Li (Zhang and Li, 2005) . 150
The ethylene response of Arabidopsis seedlings was examined in the presence of 151 ACC at different concentrations (0, 0.5, 5, 10, 20, or 100 μ M) as previously described 152 (Wang et al., 2017) . After sterilization, seeds were sowed on 1/2 MS medium 7 containing ACC, and treated at 4 o C for 3 d. Thereafter, the plates were moved to a 154 growth chamber for 8 h under white light, and then, the plates were wrapped with 155 aluminum foil and placed in a growth chamber for the indicated periods. (Table S1 ). The final constructs were verified by sequencing of 165 the inserts. The bait or prey vectors harboring a full-length of ETR1, CPR5 or RTE1 166 were obtained from a previous study (Wang et al., 2017) . 167 168
Bimolecular fluorescence complementation (BiFC) assay 169
To generate constructs harboring the fusions of cYFP-ETR1 (1-368 aa) and 170 cYFP-ETR1 (1-78 aa), the coding sequences of cYFP (466-717 aa), ETR1 (1-368 aa) 171 and ETR1 (1-78 aa) were each PCR-amplified from existing templates as previously 172 described (Wang et al., 2016) , and cloned into the pMD18-T vector. After sequencing 173 verification of the inserts, the fragments were cloned into a binary vector 174 pCambia1300-3HA through restriction sites (Xba I and Kpn I for cYFP; Kpn I and 175
BamH I for ETR1 (1-368 aa) and ETR1 (1-78 aa). The contructs containing the 176 fusions of nYFP-CPR5 and nYFP-RTE1 were obtained from a previous study (Wang 177 et al., 2017) . Transformation mediated by Agrobacterium (GV3101) using onion 178 epidermal cells was accoding to a previous study (Xu et al., 2014) . Fluorescent signal 179 from the transfected cells was examined under a fluorescence microscope (Nikon 8 Germany). The primers used for the constructs of BiFC assay are listed in 182 supplementary table (Table S2) (Table S3) and prehybridization, the samples were hybridized with the oligo-dT labeled with 9 darkness for more than 8 h. After washing, the samples were observed immediately 210 using a laser scanning confocal microscopy (Leica TCS SP5, Germany) with a 211 488-nm excitation laser. Each experiment was repeated at least three times, and 212 similar results were obtained. 213
214
Results 215
CPR5 could bind to the N-terminal domains of ETR1 receptor 216
As both CPR5 and RTE1 could directly interact with ETR1 and act as the regulators 217 of the ETR1 signaling, we are interested to know whether the CPR5 and RTE1 could 218 bind to the same region on the ETR1 receptor. To give insight into this question, we 219 first investigated the binding sites of CPR5 and RTE1 to the ETR1 receptor, 220 respectively. The ETR1 was divided into three segments with different domains: 221 ETR1 (1-368 aa) including three transmembrane domains and the GAF domain, 222 ETR1 (308-596 aa) containing the histidine kinase domain, and ETR1 (604-739 aa) 223 containing the response regulatory domain ( Fig. 1A) . Yeast split-ubiquitin assays 224 showed that both CPR5 and RTE1 could only interact with the ETR1 (1-368 aa), but 225 not the other two regions ( Fig. 1B, C) . 226
In order to know the precise domain in which CPR5 and RTE1 could directly 227 interact with ETR1, we further divided the ETR1 (1-368 aa) into three segments: 228 ETR1 (1-78 aa) containing two transmembrane domains, ETR1 (79-146 aa) 229 containing one transmembrane domain, and ETR1 (140-368 aa) containing the GAF 230 domain only (Fig. 1D ). The yeast split-ubiquitin assays showed that CPR5 did not 231 interact with any of the three segments, while RTE1 could interact with the ETR1 232
(1-78 aa) segment, but not the other two segments ( Fig. 1E, F) . 233 Further evidances were given by the bimolecular fluorescence complementation 234 (BiFC) assay. The BiFC assay results showed that CPR5 could interact with the ETR1 235
(1-368 aa), but not the ETR1 (1-78aa), whereas RTE1 was able to interact with the 236 ETR1 (1-78aa) ( Fig. 2 ), being consistent with the above results. 237
In conclusion, both CPR5 and RTE1 could bind to the N-terminus of ETR1, the 238 RTE1 could bind to a smaller region comtaining two transmembrane domains, while 239 the CPR5 binding required at least three transmembrane domains and the GAF 240 domain of ETR1. Although the region sizes of ETR1 required for the interactions with 241 CPR5 and RTE1 was different, the binding sites were generally the same, it was 242 speculated that there might exist a competitive binding between CPR5 and RTE1 243 when they interacted with the ETR1 receptor. exists on the ethylene sensitivity of etr1-2 when both CPR5 and RTE1 were knocked 250 out from the mutant. The double mutant of cpr5-T3 rte1-3 was generated by a genetic 251 cross between cpr5-T3 and rte1-3, and the ethylene "triple response" analysis was 252 carried out. It was shown that the hypocotyl lengths were of the most significant 253 difference between the WT and mutants under low concentrations of ACC (0.5, 5 μ M) 254 ( Fig. 3A, B ). With the increase of ACC concentration, the seedling growth of cpr5-T3 255 and cpr5-T3 rte1-3 decreased most, and the hypocotyl lengths of the cpr5-T3 and 256 cpr5-T3 rte1-3 were shorter than that of rte1-3, indicating that knockout of CPR5 had 257 stronger effect than that of RTE1 on the ethylene sensitivity. In addition, the 258 hypocotyl length of cpr5-T3 rte1-3 was closer to that of cpr5-T3 when treated with 259 different concentrations of ACC, suggesting that CPR5 might act downstream of 260 RTE1 and play a more general regulatory function in ethylene signaling. 261 262 CPR5 functions in controlling the nucleocytoplasmic transport of ETR1 mRNA 263 11 in controlling the nucleocytoplasmic transport of mRNAs in ethylene signaling 266 pathway. Using in situ poly(A)-mRNA hybridization, we showed that there was 267 obvious fluorescence aggregation in the nucleus of cpr5-T3, while the fluorescence in 268 WT, rte1-3 and rth-1 cells was dispersed (Fig. 4) . The results indicated that the 269 deficiency of CPR5 could hinder the transfer of mRNAs from nucleus to cytoplasm, 270 thereby resulting in the accumulation of mRNAs in nucleus. 271
Next, we analyzed the nuclear accumulation of the ETR1 mRNA. Total RNA and 272 the nucleus RNA were respectively extracted from the 10-day-old seedlings of WT, 273 cpr5-T3, rte1-3 and rth-1. qRT-PCR analysis showed that the accumulation of the 274 ETR1 mRNA in the nucleus of cpr5-T3 accounted for more than 60% of its total level, 275 while those in the nucleus of WT, rte1-3 and rth-1 accounted for about 30%, only half 276 of its accumulation in the nucleus of cpr5-T3. As a control, the Actin1 mRNA 277 accumulation in the nucleus of cpr5-T3 was almost the same as in WT, rte1-3 and 278 rth-1 (Fig. 5 ). Obviously, these results indicated that CPR5 could seriously affect the 279 nucleocytoplasmic transport of the ETR1 mRNA. 280 281 Nucleocytoplasmic transport of the ethylene signaling related mRNAs was affected in 282 cpr5-T3 283
We further examined the nucleocytoplasmic transport of the other ethylene signaling 284 related mRNAs in the cpr5-T3, including the other ethylene receptors encoding genes 285 (ETR2, ERS1, ERS2 and EIN4), the downstream key components (CTR1, EIN2, EIN3), 286 and some of the ethylene-induced ERFs (Fig. 5 ). Interestingly, it was observed that 287 the mRNAs of the ETR2, ERS1, ERS2, EIN4 and CTR1 were significantly 288 accumulated in the nucleus of cpr5-T3, and their accumulation levels were more than 289 60%, being similar to that of the ETR1. However, the mRNAs of EIN2, EIN3, and the 290 ERFs (ERF1, ERF2, ERF4, ERF11, ERF105) did not dramatically accumulate in the 291 nucleus of cpr5-T3 compared to the WT. In contrast, there was no abnormal mRNAs 12 (RTH) did not act as CPR5 in controlling the nucleocytoplasmic transport of mRNAs. 294 295 Bulk mRNA nucleocytoplasmic export was defected in the nucleoporin mutants 296 (nup160, nup96-1 and nup96-2) 297
In order to know whether CPR5 could function in controlling the nucleocytoplasmic 298 transport of mRNAs as the other nucleoporins, we analyzed the the nucleocytoplasmic 299 transport of mRNAs in the nucleoporin mutants nup160, nup96-1 and nup96-2. In situ 300 poly(A)-mRNA hybridization was employed as above. The results revealed that there 301 was obvious fluorescence aggregation in the nucleus of nup160, nup96-1 and nup96-2, 302 but no such strong signal in WT (Fig. 6 ), indicating that a large amount of RNA was 303 accumuled in the nucleus of nup160, nup96-1 and nup96-2. 304
We next analyzed the relative accumulation of the ethylene signaling related 305 mRNAs in nup160, nup96-1 and nup96-2. As shown in fig. 7 , the accumulation of all 306 the examined ethylene signaling related mRNAs in the nucleus of nup160, nup96-1 307 and nup96-2 reached more than 50% of their total levels, while the accumulation of 308 mRNAs in WT was only about 30%. These results indicated that bulk mRNA 309 cytoplasmic export including all the examined mRNAs was defected in the 310 nucleoporin mutants (nup160, nup96-1 and nup96-2). 311
312
Ethylene sensitivity was enhanced in nup160, nup96-1 and nup96-2 313
Defective nucleocytoplasmic transportation of bulk mRNAs in nup160, nup96-1 and 314 nup96-2 prompted us to investigate the ethylene sensivity of these mutants. When 315 treated with different concentrations of ACC, the hypocotyl lengths of nup160, 316 nup96-1 and nup96-2 were significantly shorter than that of WT (Fig. 8A, B) , and the 317 relative changes in hypocotyl lengths indicated that the nucleoporin mutants nup160, 318
nup96-1 and nup96-2 were more sensitive to ACC than the WT. 319 13 analyzed the relative expression levels of the ethylene-induced ERFs (ERF1, ERF2, 322 ERF4, ERF5, ERF11 and ERF105) in WT, nup160, nup96-1 and nup96-2. Without 323 ACC treatment, the expression levels of all the ERFs in WT and the nuleoporin 324 mutants were low. Whereas, after ACC treatment, the expression levels of all the 325 examined ERFs were promoted more in the mutants than in WT (Fig. 9) , being 326 consistent with the enhanced ethylene sensitivity of the nucleoporin mutants. were applied to investigate how CPR5 differs from RTE1 in the regulation, and at 338 least three observations were obtained: (1) CPR5 binds to a larger area of the ETR1 339 N-terminus and needs at least three transmembrane domains for the binding, while 340 RTE1 binds to a smaller region and needs only two transmembrane domains for the 341 binding ( Fig. 1); (2) Knockout of CPR5 lead to a more enhanced ethylene sensitivity 342 than that of RTE1 (Fig. 3); (3) CPR5 acts as a nucleoporin in controlling the 343 nucleocytoplasmic transport of mRNAs in ethyline signaling pathway, whereas RTE1 344 does not ( Fig. 4; Fig. 5 ). These observations significantly advanced our understanding 345 of the regulatory mechanism of CPR5 in ethylene signaling pathway. 346 RTE1 is mainly localized in ER and Golgi and required for the function of Similar genetic analysis using the double mutants of cpr5-T3 with each of the 352 ethylene insensitive mutants (etr1-2, etr1-1, ers1-10, etr2-1, ein2-1) showed that the 353 ethylene insensitivity of the ETR1 mutants (etr1-2, etr1-1) was suppressed by cpr5-T3, 354 but not the others (ers1-10, etr2-1, ein2-1) ( experiment, it was showed that both CPR5 and RTE1 could bind to the N-terminus of 363 ETR1 (1-368 aa) ( Fig. 1 ). Further precise analysis indicated that RTE1 could interact 364 with ETR1 (1-78 aa), while CPR5 did not (Fig. 1) . CPR5 needs at least three 365 transmembrane domains of ETR1 for the binding, while RTE1 needs only two 366 transmembrane domains for the binding. The different requirement for the ETR1 367 domain binding between CPR5 and RTE1 might be one of the reasons why RTE1 368 differs from CPR5 in regulating the ETR1 receptor signaling. As the binding sites 369 were generally the same, it was speculated that there might exist a competitive 370 binding between CPR5 and RTE1 when they interacted with the ETR1 receptor. 371
It is worth to note that the single mutant cpr5-T3 showed more enhanced ethylene 372 response than rte1-3 (Fig. 3 ). In addition, it was observed that the hypocotyl length of 373 cpr5-T3 rte1-3 was closer to that of cpr5-T3 but not rte1-3 when treated with different 374 concentrations of ACC, suggesting that CPR5 might act downstream of RTE1 and 375 play a more general regulatory function in ethylene signaling. As supported, this study 376 provided evidence demonstrating that the nucleocytoplasmic transport of the ETR1 377 mRNA and the other ethylene signaling related mRNAs (ETR2, ERS1, ERS2, EIN4, 378 CTR1) was restricted in cpr5-T3 but not in rte1-3 or rth-1 (Figs. 4, 5) . 379 CPR5 is originally isolated from the research on plant pathogenesis (Bowling et 380 al., 1997; Boch et al., 1998) . Arabidopsis CPR5 has five transmembrane domains at 381 its C-terminus and nuclear localization signal at the N-terminus. Subcellular 382 localization analysis indicated that CPR5 was localized in the ER and Golgi 383 membrane, and it was also localized in the nuclear membrane (Gu et al., 2016). CPR5 384 was reported to be able to act as a nucleoporin in controlling of triggering immunity 385 and programmed cell death (Gu et al., 2016) . In this study, we used poly(A)-mRNA 386 in situ hybridization to examine whether CPR5 was invovled in the nucleocytoplasmic 387 transport of mRNAs, the results showed that there was obvious mRNAs accumulation 388 in the nucleus of cpr5-T3 (Fig. 4) . Further quantification analysis revealed the 389 accumulation of ETR1 mRNA in the nucleus of cpr5-T3 cells accounted for more than 390 60% of its total level, while that in the nucleus of WT, rte1-3 and rth-1 was only 391 about 30% (Fig. 5 ). We also analyzed the mRNAs accumulation of the other ethylene 392 receptor encoding genes ETR2, ERS1, ERS2 and EIN4, the downstream regulator 393 encoding genes CTR1, EIN2, EIN3, and some ethylene-induced ERFs in the nucleus 394 of cpr5-T3. The results showed that mRNAs of the ETR2, ERS1, ERS2, EIN4 and 395 CTR1 were remarkably accmulated in the nucleus of cpr5-T3. In contrast, the mRNAs 396 of the other detected genes were not dramatically accumulated in the nucleus of 397 cpr5-T3. These results suggested that CPR5 could selectively control the 398 nucleocytoplasmic transport of mRNAs in ethylene signaling pathway. Unfortunately, 399 how these mRNAs are identified and controlled for the nucleocytoplasmic transport 400 has not been understood yet. 401
In order to know whether CPR5 acts the same as the other nucleoporins in 402 controlling the nucleocytoplasmic transport of mRNAs, we investigated mRNAs 403 accumulation in the nucleoporin mutants nup160, nup96-1 and nup96-2 (Figs. 6, 7) .
including ERT1, ETR2, ERS1, ERS2, EIN4, the downstream CTR1, EIN2, EIN3, and 406 the ethylene-induced ERFs, were accumulated in the nucleus of nup160, nup96-1 and 407 nup96-2. These observations indicate that CPR5 functions differently from the 408 nucleoporin NUP160 or NUP96 in controlling the nucleocytoplasmic transport of 409 mRNAs in ethylene signaling pathway. in plant response to ethylene has not been understood yet. In this study, we showed 423 that the mRNAs of the ethylene related genes were accumulated in the nucleus of 424 nup160, nup96-1 and nup96-2, and finally led to enhanced ethylene sensitivity and 425 elevated ERFs expression levels in the mutant plants (Figs. 8, 9) . 426
In conclusion, this study investigated the binding sites of CPR5 and RTE1 to the 427 ETR1 receptor and the results suggested that both of them could bind to the 428 N-terminal transmembrane domains of ETR1. The regulation mode of CPR5 is 429 different from that of RTE1 in ethylene signaling. CPR5 could regulate ETR1 by 430 binding the ETR1 receptor and controlling its mRNA nucleocytoplasmic transport, 431 while RTE1 regulates the ETR1 receptor signaling by a specific association with the lead to the defective nucleocytoplasmic transport of ethylene related mRNAs. By 434 comparing the effects of the nucleoporin proteins on the nucleocytoplasmic transport 435 of mRNAs, we conclude that CPR5 might selectively control the nucleocytoplasmic 436 transport of mRNAs, while NUP160 and NUP96 control bulk mRNA cytoplasmic 437 export in ethylene signaling pathway. Although there are still some questions 438 unanswered, the study provides a strong base for revealing the regulatory mechanism 439 of ethylene receptor ETR1 and its regulatory factors. Table S1 . The primers used to construct yeast split-ubiquitin assay vectors 444 Table S2 . Primers used for the constructs of the BiFC assays 445 cpr5-T3, rte1-3 or rth-1 6. Defect of nup160, nup96-1 and nup96-2 -0), cpr5-T3, rte1-3 6. Defect of the nup160, nup96-1 and nup96-2 WT, nup160, nup96-1 and nup96-2 . The 10-day-old seedlings were grown on the medium with different concentrations of ACC for 6h. Values are mean ± SD; *p<0.05, **p<0.01.
Fig. 5. Analysis of the relative accumulation of mRNAs in the nucleus of WT (Col
